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ABSTRACT.  8 
The use of steel fibre hybridisation with different aspect ratios have been seen to enhance the pre and 9 
post cracking response of concrete, however the invention of new innovative macro hooked ends steel 10 
fibres with multiple hooks and increase in its linear length have been recently investigated. The results 11 
show that the new innovative macro hooked ends steel fibre with multiple hooks performed better than 12 
single hooked ends steel fibre with respect to material properties when used in self-compacting 13 
concrete. Therefore, the need to further investigate the performance of this new innovative macro 14 
(MAC) hooked ends steel fibre when combined with straight micro (MIC) steel fibre of the same aspect 15 
ratio in self-compacting concrete would be useful in the study of the stress-strain curve relationship of 16 
this composite material. 17 
A laboratory investigation on two different conditions of steel fibre hybridisation using straight MIC 18 
steel fibre (Length 13mm and diameter 0.2mm) with two different types of hooked ends MAC steel 19 
fibres, Single (S1) and Double (M2) hook(s) at 0.75% and 1% fibre content respectively. These are 20 
optimised values from previous experiments (laboratory tests conducted using different macro steel 21 
fibres at 0.25%, 0.5%, 0.75% and 1% fibre content). The Uniaxial direct tension test method is used. 22 
The results show that steel fibre hybridisation decreased workability due to the influence of the micro 23 
steel fibre content irrespective of the hooked ends steel fibre type. The use of Single hook (S1)  macro 24 
hooked end steel fibre in steel fibre hybridisation further improved the material properties (compressive 25 
strength, tensile strength and fracture energy) when compared to the use of only macro hooked end steel 26 
fibre. However a decrease in the fracture energy is observed when Double hooks M2 macro hooked end 27 
steel fibre is used. Although positive results are seen with respect to other properties. 28 
 29 
Keywords: Single and double hooked ends steel fibres, Micro-steel fibre, Fracture energy, Tensile 30 
Strength, Compressive strength, Uniaxial tension test, Stress-strain relationship. 31 
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INTRODUCTION 36 
 37 
The general behaviour of steel fibre reinforced concrete (SFRC) under loads produces a much higher 38 
post cracking residual strength than plain concrete due to the fibres bridging the cracks. This behaviour 39 
depends on the geometric characteristics and material properties of the fibre; and the properties of the 40 
concrete (Akcay and Tasdemir 2012; Baros et al 2013; Dupont 2003; Lofgren 2005; Sorelli 2006). The 41 
bridging efficiency of individual fibre largely depends on the fibre-matrix bond characteristics which 42 
contributes to the improvement in the mechanical properties of SFRC (Breitenbucher et al 2014).  43 
However, the use of short and long discrete steel fibres to control crack propagation (micro and macro 44 
cracks respectively) affects the mechanical behaviour of SFRC (Hannant 1978) and also increases the 45 
concrete tensile strength after macro-cracks are formed while they are pulled out. Markovic (2006) 46 
emphasised on a high ‘synergy’ when both short and long fibres are present, where short fibres are 47 
helping the long fibres to generate as high tensile stresses as possible thereby enabling a better tensile 48 
(softening) behaviour compared to concrete with one single type of fibre only. The influence of long 49 
steel fibres is significant in the post peak response part of the cracking process and increases both the 50 
fracture energy and ultimate tensile strength of the concrete (Akcay et al 2012). See Figure 1 for micro 51 
and macro fibres bridging micro and macro cracks respectively and Fig 2 illustrating the effect of steel 52 
fibre on the pre and post cracking behaviour of SFRC.  53 
 54 
Figure 1: Micro and macro fibres bridging micro    Figure 2: Effect of steel fibre on the pre and                                                            55 
and macro cracks (Mo and Roberts, 2013)               post cracking behaviour of SFRC                                                                                                       56 
g                                                                                (Naaman and Reinhardt, 1996) 57 
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Notwithstanding the improvement in the performance of SFRC with the inclusion of micro steel fibres 58 
which affects the fibre matrix bond characteristics, the influence of macro steel fibre geometry (straight, 59 
hooked, twisted, crimped etc.) presents different bond characteristics when used in concrete, hence 60 
alters the behaviour in both the pre and post cracking zone (Lok and Pei 1998).  61 
The enhanced concrete performance in tension when single hooked end steel fibre is used compared to 62 
straight steel fibre geometrical characteristics cannot be over-emphasised as a result of the additional 63 
frictional force generated due to straightening of the hooks leading to higher frictional pull-out force 64 
(Breitenbucher et al 2014) in addition to the improvement in the matrix adhesion (Benaicha et al 2013). 65 
Its use and benefits in a composite concrete matrix in tension has been emphasised by (Markovic 2006); 66 
(Akcay et al 2012) with further enhancement of the mechanical properties. Most of these previous study 67 
(Markovic 2006); (Vandewalle 2007); (Jeenu et al 2007); (Akcay et al 2012); (Pajak and Ponikiewski 68 
2013); (Dimas et al 2014), etc. undertaken on steel fibre hybridisation have focused on the use of macro 69 
hooked ends steel fibres with one hook and the aspect ratio different from that of the micro straight steel 70 
fibre, or both macro and micro steel fibres with aspect ratio lower than 40 which have produced 71 
enhancement in the mechanical properties. However, there is the need to investigate the effect of  72 
geometric characteristics of new innovative macro hooked end steel fibres with multiple hooks, 73 
increased linear length and increased tensile strength on the bridging efficiency, pull-out response and 74 
material properties scatter for structural applications. Hence this research investigation dwells on two 75 
conditions; a study of the effect of two different macro hooked end steel fibres (S1 and M2) with the 76 
same aspect ratio when used in a composite steel fibre self-compacting concrete matrix under uniaxial 77 
tension load. 78 
 79 
EXPERIMENTS 80 
This work follows on from the experimental investigation conducted by Okeh et al (2016) on the effect 81 
of new innovative hooked end steel fibres at 0%, 0.25%, 0.50%, 0.75% and 1.0% steel fibre content 82 
and for different hooked end shape and geometry. The results in the study show that M2 at 1.0% gave 83 
optimised performance in relation to mechanical properties under tensile load application. Hence the 84 
focus of this experimental programme is to further investigate if enhancement in the material properties 85 
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can be obtained with M2 macro steel hooked end fibre in a composite steel fibre self-compacting 86 
concrete matrix with the same aspect ratio. Furthermore, S1 steel fibre type at 0.75% fibre content based 87 
on previous works such as Jeenu et al (2007) and Okeh et al (2016) will also be studied under the same 88 
condition. A number of parameters affecting the behaviour is investigated, such as proportion of macro 89 
to micro steel fibre content (100%:0%, 75%:25%, 50%:50%, 25%:75% and 0%:100% respectively) in 90 
relation to the type of macro hooked end steel fibres S1 and M2 at steel fibre content of 0.75% and 1% 91 
respectively. See Table 1 below. The effect of these parameters/variables on the material properties on 92 
these two conditions are carefully examined under the application of a tensile load.  93 
 94 
Steel Fibre Content Ratio 
(MACRO:MICRO)% 
S1 Type Fibre  
(0.75% total fibre volume) 
M2 Type Fibre  
(1% total fibre volume) 
100:0 S1A M2A 
75:25 S1B M2B 
50:50 S1C M2C 
25:75 S1D M2D 
0:100 S1E M2E 
Table 1: Specimen Identification in relation to Steel fibre type and hybridisation ratio 95 
 96 
Experimental programme 97 
Material characteristics and specimen preparation 98 
Figures 3, 4 and Table 2 give geometric and mechanical properties of the individual macro hooked end 99 
steel fibres and micro steel fibre used for the experiments. The admixture specified for the mix design 100 
is Fosroc Auracast .200 high range water reducing superplasticiser. Portland Cement CEM I 52.5R was 101 
used and the mix incorporated high cement content similar to (Okamura and Ouchi 2003) and (Pajak 102 
and Ponikiewski 2013) for self-compacting concrete (SCC). See Table 3 for material quantities. The 103 
fine aggregate composed of sea-won flint with no fraction of clay or fine silts and coarse aggregate 104 
composed of sea-won flint gravel, with maximum size of 6mm and 10mm respectively. The mix 105 
proportion content of the coarse and fine aggregates were fixed to achieve self-compatibility by altering 106 
only the superplasticiser and water-cement ratio dosage. The water/cement ratio of the concrete was 107 
0.27 with 0.69% cement mass of superplasticiser admixture in order to obtain comparable rheological 108 
and mechanical parameters to that of (Okamura and Ouchi 2003) and (Pajak and Ponikiewski 2013). 109 
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Since the focus of this research is to investigate the effect of various hooked ends steel fibres within a 110 
composite self-compacting concrete matrix, no content of fly ash or silica fume was added to the mix 111 
design as emphasised by (Pajak and Ponikiewski 2013) to improve the strength of the concrete. 112 
 113 
 114 
 115 
 116 
 117 
 118 
 119 
 120 
 121 
 122 
 123 
 124 
 125 
 126 
 127 
 128 
Figure 3: Shape of hooked-end macro steel fibres (Manufactured by Bekaert 2012) 129 
 130 
 131 
Figure 4: Micro steel fibre (Manufactured by Bekaert 2012) 132 
 133 
 134 
Fibre 
Shape 
Type Length 
(mm) 
Diameter 
(mm) 
Aspect 
ratio 
Effective 
Hooked-
end Region 
Length 
(mm) 
Depth of 
Hooked 
End 
Region 
(mm) 
Tensile 
Strength 
(N/mm2) 
No of 
Fibres/kg 
Young 
Modulus 
(N/mm2) 
Single 
Hooked 
end 
S1 60 0.90 65 5.66 3 1,160  
(+/-7.5%) 
3,183 210,000 
Double 
Hooked 
end 
M2 60 0.90 65 11.66 4 2,300  
(+/-7.5%) 
3,183 210,000 
Straight 
Micro-
Fibre 
MIC 13 0.2 65 -       - 3,140 15,000 210,000 
Table 2: Geometry and properties of hooked end macro steel fibres (S1&M2) and micro steel fibre 135 
Type 1 (S1) Type 2 (M2) 
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 136 
 137 
 138 
 139 
 140 
 141 
 142 
 143 
Table 3: Self-compacting concrete mix design 144 
 145 
Mixing procedure, manufacture and testing of specimens 146 
All mixing operation during experimental work was carried out using a drum tilting mixer. The mixing 147 
procedure and time, started with 30 seconds wet mixing of coarse aggregate using 70% of measured 148 
water. Fine aggregate was added and allowed to mix for a further 1 minute. Cement was then added and 149 
mixing carried on for a further 2.5 minutes after which the remaining 30% of water containing 150 
superplasticiser was slowly added. Mixing continued for a further 4.5 minutes to allow the effect of the 151 
superplasticiser to kick-in followed by the addition of steel fibres (macro and/or micro) within 30 152 
seconds after which a further 4 minutes mixing was allowed to ensure uniform dispersion of the steel 153 
fibres and to avoid a “balling effect” (Soutsos et al 2012). Total mixing time was 13 minutes. This 154 
procedure was adopted throughout the experimental programme.  155 
The fluidity of the self-compacting concrete was measured with the use of a slump flow test in 156 
accordance with BS EN 12350-8:2010 testing procedures to determine the workability of all the mix. 157 
30 dog bone shape specimens measuring 100mm x 100mm x 500mm in concrete plastic moulds with 158 
timber infills; and 30 number of 100mm3 specimens in disposable polystyrene moulds were 159 
manufactured. A total of 3 specimens per each proportion of macro to micro steel fibre ratio was used 160 
in order to reduce experimental cost and labour to obtain average values. These values were used to 161 
describe the pre and post cracking behaviour of the innovative macro hooked end steel fibres (S1 and 162 
M2) in steel fibre hybridisation under a tension test method. It is proposed that the experimental data 163 
obtained will enable further parametric study by way of inverse analysis with the use of finite element 164 
numerical method in future study.  The dog bone shape specimens manufactured were used for the 165 
uniaxial direct tension test (See Fig 5 below for test set up) while the cubes were used for density and 166 
compressive strength test. Specimens were demoulded after 24 hours and placed in a curing tank at 167 
Material Quantity (Kg/ 
m3) 
Cement 735 
Sand 738 
Gravel 761 
Water 201 
Superplasticiser 5 
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20◦C ± 2 for 28 days. The uniaxial direct tension test was carried out using a scissors grip tension test 168 
set up on a LOS Servo-hydraulic 1000 KN test machine that complies with CEN-EN-12390-4 National 169 
Research Council (CNR-DT 204/2006). The test was carried out under closed loop displacement control 170 
operation with a displacement rate of 0.5mm/minute using a linear variable displacement transducer 171 
(LVDT) to obtain displacement measurements for pre and post cracking stages.  172 
 173 
Figure 5: Uniaxial direct tensile test set up with dog bone shape specimen 174 
 175 
RESULTS AND DISCUSSION 176 
 177 
Test results were evaluated from the findings recorded on fresh and hardened properties as presented in 178 
this section. Discussions focus on workability, density, compressive strength, Stress-Strain relationship, 179 
tensile strength and fracture energy. 180 
Workability 181 
The measured values presented in Figure 6(a-b) for both conditions shows slump flow of steel fibre 182 
hybridisation using S1 type macro fibre at 0.75% total fibre content. These values are within the range 183 
of 760mm to 780mm in line with EFNARC 2005 recommendations (SP3) for vertical application in 184 
areas with high congestion of steel reinforcements. For example, in beam column joint which is to be 185 
the focus of future study. In the case of steel fibre hybridisation using M2 type macro steel fibre at 1% 186 
total fibre content, the slump flow falls within the range of 710mm to 750mm in line with EFNARC 187 
2005 recommendations (SP2) for normal application in walls and columns but can still be used in 188 
vertical application in areas with high congestion of steel reinforcements where surface finish is not 189 
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important but more control given to segregation resistance. The research findings and suggestions for 190 
applications mentioned above have followed EFNARC 2005 recommendations, however EFNARC 191 
2005 recommendations are based on a plain concrete mix rather than a concrete mix that contains steel 192 
fibres. It is therefore recommended that further experimental evidence is needed to ascertain its 193 
passability criteria using an L-Box test before suggested applications above are considered. 194 
Furthermore, Figure 6(a-b) results indicate that in both conditions, the use of micro steel fibre only in 195 
self-compacting concrete reduces the slump flow when compared to the use of only macro steel fibre 196 
thereby producing a less workable concrete. The decrease in the workability can be attributed to a 197 
change in the interfacial structure of the matrix (cement paste) around the aggregates in the wet state by 198 
the large amount of micro steel fibres and its high aspect ratio. This change is as a result of the large 199 
total surface area of the micro steel fibre resulting in increased adhesion and bonding between particles 200 
which limits the spread. 201 
With respect to workability, the use of micro steel fibre in self-compacting concrete is seen to influence 202 
the result in steel fibre hybridisation with macro and micro steel fibres with the same aspect ratio. The 203 
results in Figure 6(a-b) also shows a decrease in the spread up to a maximum of 7% and 3% with steel 204 
fibre hybridisation when compared to the use of macro steel fibres M2 and S1 respectively indicating 205 
decrease in workability. 206 
 207 
(a)                                                                      (b) 208 
Figure 6(a-b): Graphs of slump flow against specimen types with steel hybridisation ratios 209 
Density and Compressive Strength 210 
Density and compressive strength test results have been derived using hardened cube specimens as 211 
described in BS EN 12390 (2009) – 7 & -3 respectively. The obtained results in both conditions are 212 
S1 ES1 DS1 CS1 BS1 A
780
775
770
765
760
Specimen Type
Slu
mp
 Fl
ow
 (m
m)
Individual standard deviations are used to calculate the intervals.
S1  Macro Steel Fibre Type at 0.75% Total Fibre Content
M2EM2DM2CM2BM2A
770
760
750
740
730
720
71 0
Specimen Type
Slu
mp
 Fl
ow
 (m
m)
Individual standard deviations are used to calculate the intervals.
M2 Macro Steel Fibre Type at 1% Total Fibre Content
9 
 
presented in Figure 7(a-d). The results show no benefit in the density and compressive strength with 213 
steel fibre hybridisation when compared to a non-hybrid matrix using macro steel fibre only. However 214 
the effects of steel fibre hybridisation show nearly similar trend in both conditions but higher 215 
compressive strengths are seen in specimen type M2. 216 
  217 
(a)                                (b)  218 
Figure 7(a-b): Graphs of compressive strength against specimen types and steel hybridisation ratios 219 
   220 
(c)                                (d)  221 
Figure 7(c-d): Graphs of compressive strength against density and steel hybridisation ratios 222 
Stress-Strain Curve 223 
The force-displacement curve shown in Figure 8(a-b) gives the effect of steel fibre hybridisation using 224 
S1 and M2 macro hooked end steel fibres with straight micro steel fibre, aspect ratios of 65. The pre-225 
cracking zone shows a linear relationship with an increase in the first crack load in both conditions 226 
when compared to 100% macro steel fibre content except for M2B. The increase in the first crack 227 
load with steel fibre hybridisation is due to the micro steel fibre preventing the formation of micro 228 
cracks under load in agreement with Markovic (2006) “synergy” effect in previous work.  229 
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Under M2 condition, a sudden drop in the load at first crack is observed followed by a lower residual 230 
stress depicting the inability of steel fibre hybridisation to exhibit hardening behaviour in the post 231 
cracking stage as observed with M2A. The cracking strain of M2B, M2C and M2D slightly increased 232 
as a result of the increase in first crack load observed. There have been an observable decrease in the 233 
residual stresses when compared to M2A (100% macro steel fibre type) which accounts for the 234 
decrease in fracture energy with M2B, M2C and M2D. Figure 8a indicates a bi-linear softening 235 
behaviour during stress degradation in the post cracking process for steel fibre hybridisation. 236 
Furthermore, the graph 8a also shows a reduction of the ultimate strain when comparing steel fibre 237 
hybridisation to 100% macro steel fibre content (M2A) between strain values of 0.01 to 0.017. 238 
Under S1 condition, the ultimate strain increased when comparing steel fibre hybridisation to 100% 239 
macro steel fibre content (S1A) between strain values of 0.024 – 0.044. The low residual stresses 240 
observed after a sudden drop in the load at first crack depicts the inability of steel fibre hybridisation 241 
to exhibit hardening behaviour in the post cracking phase due to the reduced content of macro steel 242 
fibre. However, the increase in the first crack load, residual stresses and the ultimate strain accounts 243 
for the increase in fracture energy with S1B, S1C and S1D. The value of the residual stress and 244 
stiffness with S1B, S1C and S1D is affected by the ratio of macro steel fibre content, higher ratio 245 
show higher residual stress and stiffness. Figure 8b, indicates a bi-linear softening behaviour during 246 
plastic deformation in the post cracking stage.   247 
 248 
(a)                                                                                  (b) 249 
Figure 8(a-b): Stress –Strain curve for steel fibre hybridisation using M2 and S1  250 
type macro hooked end steel fibre 251 
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Tensile strength 252 
Figure 9(a-b) shows the tensile strength calculated from the failure load at first crack. The results 253 
indicate an increase in the tensile strength up to a maximum of 36% and 48% at initial crack propagation 254 
with steel fibre hybridisation for M2 and S1 macro steel fibre types respectively. The improvement in 255 
the tensile strength for both conditions (M2 and S1) with steel fibre hybridisation is observed at a macro-256 
micro steel fibre ratio content of (0.25:0.75). Furthermore, Fig 9(a-b) indicate a significant difference 257 
in the means for M2 (P- Value = 0.001) and no significant difference for S1 (P-value = 0.245) with steel 258 
fibre hybridisation. The standard deviation was greater for S1 than for M2. Fig 9(c-d) show graphs of a 259 
statistical analysis which further confirm a significant effect of both specimen types (P-value = 0.009) 260 
and steel fibre hybridisation (P-value = 0.000). The effects of steel fibre hybridisation do not show a 261 
similar trend in both specimen types but higher values of tensile strengths are seen in specimen type 262 
M2 as macro steel fibre content decreases. The increase in the tensile strength with steel fibre 263 
hybridisation (same fibre aspect ratio) in both conditions is in agreement with Makorvic (2006) previous 264 
work (different fibre aspect ratio), that when both short and long fibres are present, there is a ‘synergy’, 265 
where short fibres help the long fibres to generate as high tensile stresses as possible compared to 266 
concrete with one single type of fibre only. The increase in micro steel fibre content contributes in 267 
preventing micro-cracks (Akcay et al 2012) especially between the interface of mortar and coarse 268 
aggregate (Benaicha et al 2013) which is generally present in self-compacting concrete. However, the 269 
increase in the tensile strength observed in this experiment for both conditions can also be attributed to 270 
the improved adhesion, bond interface characteristics between the micro steel fibre and the cement paste 271 
in relation to the maximum aggregate size in preventing micro crack formation.  272 
  273 
      (a)                                                                         (b)  274 
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 275 
       (c)                                                                          (d) 276 
Figure 9(a-d): Graphs of tensile strength against specimen types with steel hybridisation ratios 277 
 278 
Fracture energy 279 
• The fracture energy has been calculated from the area under the stress-strain curve.  The results 280 
obtained in both condition as shown in Figure 10(a-b) indicate that steel fibre hybridisation 281 
increases the fracture energy with S1 macro steel fibre type up to a maximum of 70% when 282 
compared to a non-hybrid concrete matrix with macro steel fibre only; and a decrease is 283 
observed with M2 steel fibre type based on average values. However, during the one way 284 
analysis of variance in relation to the effect of steel fibre hybridisation in the data as shown in 285 
Fig 10(a-b), there is no indication of significant difference in the means of both M2 and S1 steel 286 
fibre types (P- Value of 0.343 and 0.488 respectively). Fig 10(c-d) presents a 2 way Anova 287 
confirming the above findings for M2B, M2C, M2D (P-value = 0.431) and S1B, S1C, S1D (P-288 
value = 0.805). The effects of steel fibre hybridisation do not present similar trends in both 289 
specimen type but higher values of energy are seen in specimen type S1 as macro steel fibre 290 
content decreases. The decrease in fracture energy observed in M2 macro steel fibre type M2B, 291 
M2C and M2D coming as a result of inadequate alignment and orientation of macro steel fibres 292 
perpendicular to the cracks. The actual number of macro steel fibre crossing the cracks and the 293 
extent of embedment of the individual hooks and fibre length across the cracked section affect 294 
the performance of this type of steel fibre under the applied load conditions (Dupont 2003; 295 
Lofgren 2005). Furthermore, the decrease in the fracture energy for this specific type of macro 296 
hooked end steel fibre (M2) indicates a lack in the utilisation of the multiple steel fibre hook, 297 
its geometry and tensile strength as observed in the pull-out test at the crack zone due to the 298 
1 00:0075:0050:0025:000:00
4.0
3.5
3.0
2.5
2.0
Hybrid Ratio (MACRO Content)
M
ea
n
M
S
Type
Specimen
Interaction Plot for Tensile Strength(MPa)
Data Means
SM
3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0
1 00:0075:0050:0025:000:00
Specimen Type
M
ea
n
Hybrid Ratio (MACRO Content)
Main Effects Plot for Tensile Strength(MPa)
Data Means
13 
 
additional frictional resistance and bond anchorage interlock between steel fibre and concrete 299 
matrix. This enhancement in performance during pull-out test also results from the increase in 300 
the linear effective length of the M2 macro steel fibre thereby increasing the hook anchorage 301 
efficiency and bond stresses (Okeh et al 2016).  302 
 303 
(a)                                                                        (b) 304 
  305 
             (c)                                                                        (d) 306 
Figure 10(a-d): Graphs of area under load extension curve against specimen types with steel 307 
hybridisation ratios 308 
 309 
FINDINGS 310 
 311 
The study investigated the effect of steel fibre hybridisation using macro hooked ends and micro straight 312 
ends steel fibres in self-compacting concrete on the material properties under uniaxial tension load. The 313 
following findings are presented: 314 
• The workability of the wet concrete mix is affected with steel fibre hybridisation. The increase 315 
in the ratio of micro steel fibre content reduces the workability in both conditions up to a 316 
maximum of 7%. 317 
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• There is no significant increase in the density and compressive strength with steel fibre 318 
hybridisation in both conditions. 319 
• There is a reduction in the cracking strain and ultimate strain with M2 steel fibre type, but an 320 
increase in both strains with S1 steel fibre type with steel fibre hybridisation. This behaviour is 321 
due to the increase or decrease in the first crack load and stiffness. 322 
• The residual stresses in the post cracking zone during stress degradation influences the total 323 
fracture energy in both conditions which can be attributed to the efficiency of the macro steel 324 
fibre in bridging the cracks after initial crack propagation.  325 
• Generally, a bi-linear softening behaviour can be used to describe the stress degradation in the 326 
post-cracking stage during plastic deformation. This behaviour is due to the low residual stress 327 
generated as a result of the reduced amount of macro steel fibre content in steel fibre 328 
hybridisation. 329 
• Steel fibre hybridisation increases the tensile strength as expected up to a maximum of 48% 330 
with the optimum strength observed at 25% MAC + 75% MIC steel fibre content for both 331 
conditions due to the delay in the formation of micro cracks. However, the increase in tensile 332 
strength is only statistically significant in the case of M2 steel fibre. This delay in crack 333 
propagation is attributed to the influence of micro steel fibre content in the hybrid steel fibre 334 
concrete matrix providing improved adhesion and interface bond characteristics for 10mm 335 
maximum aggregate size. 336 
• Steel fibre hybridisation using S1 macro steel fibre type with total fibre dosage of 0.75% 337 
increases the fracture energy up to a maximum of 70% with optimum energy characteristics 338 
observed at 25% MAC + 75% MIC steel fibre content. The value of the residual stress and 339 
stiffness is affected by the ratio of macro steel fibre content, higher ratio show higher residual 340 
stress and stiffness. 341 
• Steel fibre hybridisation using M2 macro steel fibre type with total fibre dosage of 1% 342 
decreased the fracture energy when used in self-compacting concrete. This response indicates 343 
a lack in the utilisation of the multiple steel fibre hook, its geometry and tensile strength as 344 
observed in the pull-out test at the crack zone due to the additional frictional resistance and 345 
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bond anchorage interlock between steel fibre and concrete matrix. This enhancement in 346 
performance during pull-out test also results from the increase in the linear effective length of 347 
the M2 macro steel fibre thereby increasing the hook anchorage efficiency and bond stresses 348 
(Okeh et al 2016) which was not observed in this experiment. Furthermore, the efficiency of 349 
the macro steel fibre across the crack is also affected by several factors such as alignment, 350 
orientation, number of fibre crossing the crack(s) and the extent of embedment. (Dupont 2003; 351 
Lofgren 2005). 352 
 353 
CONCLUSIONS 354 
• The study suggest that the incorporation of S1 type macro hooked end steel fibre with total 355 
fibre dosage of 0.75% in steel fibre hybridisation with micro steel fibre can still be used for 356 
vertical application in areas of high congestion of steel reinforcement as recommended by 357 
EFNARC 2005 (SP3) in relation to workability. However, M2 type with total fibre dosage 358 
of 1% in steel fibre hybridisation can only be considered for such application when surface 359 
finish is not important and more control given to segregation resistance if not it should be 360 
used for normal application (SP2).  361 
• There is a benefit with steel fibre hybridisation in both conditions with regards to the tensile 362 
strength which will increase the load carrying capacity.  363 
• The cracking strain and ultimate strain is affected as a result of steel fibre hybridisation. An 364 
increase is observed when using S1 and a decrease with M2 macro hooked ends steel fibres. 365 
• A bi-linear softening behaviour is proposed to be used in describing the stress degradation 366 
during the post cracking phase of M2 and S1 mix design with steel fibre hybridisation. The 367 
ratio of macro steel fibre content appear to influence residual stresses after first crack but 368 
does not give rise to any hardening behaviour but affects the stiffness in S1 condition only.  369 
• There is an improvement in the material properties for both the pre and post cracking phase 370 
in steel fibre hybridisation when S1 (0.75% total fibre content) with single hook is utilised, 371 
with the optimum tensile strength and fracture energy performance characteristics being 372 
16 
 
observed at S2D mix design (75% macro steel fibre replacement with micro steel fibre). 373 
Optimum performance for M2 (1% total fibre content) with multiple hooks is observed at 374 
M2D for strength with no effect seen for energy due to the inefficient utilisation of the 375 
hooks. 376 
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